The mammalian hippocampus, comprised of serially connected subfields, participates in diverse behavioral and cognitive functions. It has been postulated that parallel circuitry embedded within hippocampal subfields may underlie such functional diversity. We sought to identify, delineate, and manipulate this putatively parallel architecture in the dorsal subiculum, the primary output subfield of the dorsal hippocampus. Population and single-cell RNA-seq revealed that the subiculum can be divided into two spatially adjacent subregions associated with prominent differences in pyramidal cell gene expression. Pyramidal cells occupying these two regions differed in their long-range inputs, local wiring, projection targets, and electrophysiological properties. Leveraging geneexpression differences across these regions, we use genetically restricted neuronal silencing to show that these regions differentially contribute to spatial working memory. This work provides a coherent molecular-, cellular-, circuit-, and behavioral-level demonstration that the hippocampus embeds structurally and functionally dissociable streams within its serial architecture.
INTRODUCTION
A central goal of neuroscience lies in understanding how neural circuitry gives rise to behaviorally relevant cognitive functions. Current reductionist approaches tackle this problem by deconstructing the system of interest into cell types that may differ in gene expression, morphology, physiology, and connectivity. As cognitive tasks tend to engage neural circuitry distributed across the brain (e.g., memory; Lashley, 1950) , an essential component to this deconstruction lies in the identification of the output cell types in key brain regions and in relating how these cell types represent and convey information to downstream structures.
In the mammalian brain, the hippocampus is one of the most richly studied regions in cognitive neuroscience, playing essential roles in episodic memory (Scoville and Milner, 1957) and spatial navigation (O'Keefe and Nadel, 1978) . Information processing within the hippocampus has conventionally been viewed as a circuit of serially connected subfields (e.g., dentate gyrus, CA3, CA1), with principal cells of each subfield performing a dedicated operation (e.g., Kaifosh and Losonczy, 2016; Neunuebel and Knierim, 2014; O'Reilly and McClelland, 1994; Treves and Rolls, 1992) . However, recent evidence has illustrated that structural and functional heterogeneity can be embedded within the principal neuron populations (Berns et al., 2018; Cembrowski et al., 2016a Cembrowski et al., , 2016b Danielson et al., 2016; Igarashi et al., 2014; Lee et al., 2014 Lee et al., , 2015 Li et al., 2017; Masurkar et al., 2017) . Moreover, it has been postulated that within-subfield heterogeneity may enable parallel computations, such that multiple disparate streams of information are routed through the hippocampus to distinct downstream structures (Knierim et al., 2006 (Knierim et al., , 2014 . Thus, resolving the extent and functional correlates of subfield heterogeneity may be essential for generating a celltype-specific interpretation of cognition.
The subiculum, which conveys hippocampal signals to a suite of downstream brain regions (Aggleton and Christiansen, 2015) , provides a critical opportunity for understanding how cell-type-specific features ultimately shape hippocampal contributions to memory and cognition. Previous work has shown that pyramidal cells of the subiculum (subPCs) exhibit heterogeneity along the proximal-distal axis (Behr et al., 2009; Ding, 2013; Graves et al., 2012; Jarsky et al., 2008; Kim et al., 2012; Kim and Spruston, 2012; Menendez de la Prida, 2006; Naber et al., 2000; Witter, 2006) , which may map onto parallel streams with disparate contributions to cognition (Knierim et al., 2006 (Knierim et al., , 2014 . These findings motivated us to investigate whether subPC variability conformed to discrete subclasses that could in turn be differentially targeted, characterized, and experimentally manipulated, with the goal of clarifying how subclass-specific heterogeneity may contribute to cognitive processing.
Using a multidisciplinary approach, we began by investigating the extent and organization of heterogeneity in dorsal subPCs. Our work revealed a marked degree of variability that is present within the subPC population, manifesting as a sharp spatial division partitioning proximal and distal subiculum into two distinct subregions. This spatial organizational scheme was conserved across gene expression, local circuitry, extrahippocampal inputs and outputs, and electrophysiology. Leveraging the results of this heterogeneity, we next identified that these two classes were differentially involved in spatial memory; distal subiculum was selectively necessary for encoding new working memory, but not retrieval of previous memory. These results illustrate that a cognitive hub in the mammalian brain contains structurally parallel pathways, embedded within a canonical cell type, that differentially process specific elements of memory.
RESULTS

The Proximal-Distal Axis Shows Marked Variability in SubPC Gene Expression
We first sought to assess the extent of heterogeneity within the subiculum and identify potential marker genes for cell-classspecific access. To do this, we began by examining gene expression in different subiculum projections using populationlevel RNA-seq (popRNA-seq). To label projection populations, we injected retrograde beads into the nucleus accumbens (NA) and retrosplenial cortex (RSC), which respectively labeled proximal and distal subPCs with $1% interleaving (n = 7/848 of labeled cells exhibited double labeling; see STAR Methods; Figure 1A) . Bead labeling was then used to manually purify NA-and RSC-projecting neurons, and RNA-seq of the purified populations was used to examine gene expression in these projection classes (n = 3 biological replicates, i.e., animals, per projection, 72.5 ± 8.0 cells per replicate, with r = 0.97 ± 0.02 for transcriptomes associated with the same projection, mean ± SEM; Figure S1A) . Transcriptional differences between the two classes were pronounced (Figure 1B) : relatively low correlation was observed between transcriptomes across classes (see also Figures S1B and S1C) , and hundreds of projection-enriched genes (brown) . Tiled images, scale bars: 1 mm overview, 100 mm expanded. For illustration purposes, injection-site schematics depict one site, but injections here and elsewhere include multiple sites (see STAR Methods) . Atlas schematics, here and elsewhere, modified from Paxinos and Franklin (2004) . (B) Comparison of the average transcriptomes for subPCs projecting to the NA and RSC. Green and purple points represent differentially expressed genes (FDR < 0.05) enriched in NA and RSC, respectively. The Pearson correlation coefficient r and number of enriched genes N ENR (genes > 3-fold enriched on average and FPKM MIN > 10 in enriched populations) are provided. (C) Normalized gene expression across biological replicates, illustrating genes with relevant neuronal ontologies enriched in a projection-class specific fashion. (D) As in (A), but for injections into PFC and VHN. Tiled image, scale bar: 100 mm. (E) Correlation coefficients r and numbers of enriched genes N ENR for all pairwise comparisons. See also Figures S1, S2, and S3. spanning many neuronally relevant ontologies were observed (e.g., Figure 1C ).
These two examined populations differed both by projection target (NA versus RSC), as well as gross geographical location (proximal versus distal, as conventionally defined relative to CA1). In principal, gene expression could covary with either of these properties. We next sought to disambiguate this confound by taking advantage of the fact that subiculum projections to prefrontal cortex (PFC) and ventral hypothalamic nuclei (VHN) also emanate from proximal and distal locations, respectively ( Figure 1D ) (Kim and Spruston, 2012) . We performed analogous RNA-seq experiments to obtain the transcriptomes of these additional projection classes, allowing a comparison of subPC gene expression as a function of projection and region. Notably, we found that projection classes emanating from the same gross geographical region had similar transcriptomes, whereas markedly larger differences were present when comparing projections across the proximal-distal axis ( Figures 1E, S1B , and S1C).
Proximal-Distal Heterogeneity Corresponds to Discrete Cell Classes
The popRNA-seq experiments showed marked transcriptional differences across the proximal-distal axis but do not provide cellular resolution into the nature of this transition (i.e., graded differences versus discrete subclasses) (Cembrowski and Menon, 2018) . We therefore addressed this issue with single-cell RNA-seq (scRNA-seq). In wild-type mice, we microdissected the same location of the dorsal hippocampus that is used in population RNA-seq. This tissue was subsequently dissociated, with individual cells manually plated and sequenced. In total, the transcriptomes of 327 cells were analyzed, with an average of $5,000 expressed genes detected per cell (see STAR Methods). These cells all exhibited expression of genes associated with excitatory cells (two interneurons and one non-neuronal cell were excluded; see STAR Methods).
To explore our dataset, we performed principal component analysis (Figure 2A) . Critically, the first principal component revealed genes associated with proximal and distal marker genes (C) Violin plots of gene expression for control genes and popRNA-seq marker genes. In each graph, a mirrored histogram illustrates the distribution of expression for the three clusters in (A) and (B) . Inset value indicates CPM value associated with right tick mark. (D) Expression of all popRNA-seq marker genes summarized across the clusters identified by scRNA-seq. Proximal and distal subiculum popRNA-seq marker genes are colored in green and magenta, respectively. Results are displayed on logarithmic axis. (E) Two-color ISH for proximal marker gene Nnat (green) and distal marker gene Nts (magenta). Scale bar: 100 mm. (F) Two-color ISH for RSC-projecting subPCs (teal) and distal marker gene Nts (red). Scale bar: 100 mm. (G) Schematized spatial registration of transcriptomic data. See also Figures S1, S2, and S3. from popRNA-seq (e.g., Nnat, Nts, Fn1; Figure S2A ). This analysis also revealed putatively separated subpopulations of subPCs (Figure 2A ), a finding recapitulated by tSNE nonlinear dimensionality reduction ( Figure 2B ). We used unsupervised graph-based clustering (Satija et al., 2015) to assign cells to clusters, and we identified three broad and separated populations of subPCs (colored populations , Figures 2A and 2B ; note that a small ''island'' of cells also exists, which we return to later). Complementary analyses illustrated the robustness of these clusters; cluster identity was largely recapitulated by unsupervised hierarchical and density-based clustering (> 90% shared clustering; Figures S2B and S2C) , and a supervised random forest classifier required only 80 training cells to predict cluster identity with > 90% accuracy ( Figure S2D ).
We next sought to identify how these subPC clusters related to projection-based popRNA-seq. As genes that corresponded to proximal and distal projections were found at opposite ends of the first principal component ( Figure S2A ), we postulated that these broad clusters mapped onto different proximal and distal subPCs identified by popRNA-seq. Consistent with this, proximal marker genes were expressed in the first two clusters, whereas distal marker genes were expressed in the third cluster (Figures 2C and 2D ; average popRNA-seq proximal marker gene enrichment in clusters 1 and 2: $18-fold by geometric mean, n = 22 genes, excluding two infinitely enriched genes; average popRNA-seq distal marker gene enrichment in cluster 3: $7-fold by geometric mean, n = 24 genes). This presence of multiple proximal subpopulations was consistent with popRNA-seq; heterogeneity between proximal NA-and PFC-projecting cells ( Figures 1E, S1A , and S1B) mapped on to distinct scRNA-seq clusters ( Figure S2E ). Conversely, distal subiculum projections to RSC and VHN showed minimal transcriptomic differences in popRNA-seq (Figures 1E, S1A, and S1B) and conformed to a single cluster in scRNA-seq (Figures 2A-2D ). Thus, proximal subiculum appeared to be comprised of two transcriptionally distinct populations that correlated with differences in projection class, whereas distal subiculum was described by one transcriptional population.
We also noted that there was a small (putatively rare) population of cells that separated from the remainder of subPCs (Figure 2B , lower left corner; separate cluster by density-based clustering, Figure S2C ). Importantly, this population expressed Slc17a7 (encoding VGLUT1), indicating that it is an excitatory neuronal population ( Figure S2F ). Using a scRNA-seq marker gene (Ly6g6e), we identified this population as a sparse group of deep cells that spanned the proximal-distal axis of the subiculum ( Figures S2G and S2H ). This result illustrates the power of our scRNA-seq to identify subclasses de novo and further underscores the deconstruction of the subiculum into discrete populations.
Transcriptional Differences Emerge from a Sharp Boundary along the Proximal-Distal Axis Owing to the proximal-distal heterogeneity in subiculum projection classes, the previous gene expression differences were suggestive of a discrete transcriptional boundary along the transverse axis of the subiculum. We next sought to directly visualize this border histologically with in situ hybridization (ISH). Using two-color fluorescent ISH, we labeled marker genes associated with proximal and distal subPCs in the same tissue. As expected, expression of marker genes was restricted to proximal and distal subregions, with a small transition zone ($200 mm) of interleaved expression present at the boundary of marker gene expression (note individual cells generally lacked marker gene coexpression: $3%, n = 27/881 cells exhibited marker gene coexpression in pairwise comparisons, see Table S1 ; Figures 2E and S2I) . Importantly, the discrete nature of this border was also cross-validated by external Allen Brain Atlas (ABA) ISH (Lein et al., 2007) , which also illustrated that proximal-distal boundaries were present across the long axis of the subiculum (Figure S3; 30/36 [86%] of popRNA-seq marker genes cross-validated by ABA ISH). Thus, the entire long-axis extent of the subiculum is transcriptionally divisible into distinct proximal and distal subregions.
The nature of this sharp transcriptional boundary seemingly corresponded to the discreteness and location of projection class boundaries ( Figures 1A and 1D ), suggesting that this transcriptional boundary might recapitulate the projection class boundary. To directly verify this, we injected retrograde AAV-SL1-CAG-tdTomato (rAAV2-retro, Tervo et al., 2016) into RSC and colabeled either proximal or distal marker genes in the same tissue. As predicted, marker gene boundaries recapitulated the projection-defined boundary (94.8% of RSC-projecting cells colabeled with distal marker genes; n = 250 labeled cells from 2 sections in 1 animal, Figure 2F ; 0.0% of RSC-projecting cells colabeled with proximal marker genes, n = 236 labeled cells from 2 sections in 1 animal, Figure S2J ). These results confirm and extend our RNA-seq findings to illustrate a discrete boundary that separates two broad subPC populations, covarying by gene expression and projection targets.
Long-Range Targeting Varies According to the Proximal-Distal Divide
The previous anatomical results ( Figures 1A and 1D) suggested that a sharp proximal-distal boundary exists for several subPC projection classes; however, it is unclear to what extent a single, global border can describe the wide variety of projection classes. To examine this, in separate animals we injected one of six downstream targets of dorsal subiculum (PFC, lateral entorhinal cortex [LEC] , interanteromedial thalamic nucleus [ITN] , VHN, RSC, medial entorhinal cortex [MEC] ) with the retrograde tracer AAV-SL1-CAG-tdTomato. Each animal also received an ipsilateral injection of retrograde AAV-SL1-CAG-GFP into NA to provide a visualization of the proximal boundary associated with NA-projecting subPCs, thereby allowing us to examine seven total downstream projections in a pairwise fashion.
For almost all the subPC projection classes, a sharp transition in labeling was observed across the proximal-distal axis ( Figures  3A-3F ). Relative to NA-projecting cells, the projection border associated with the co-injected downstream target either recapitulated the same termination location (PFC, LEC; Figures 3A and 3B; 94.5% and 96 .5% of cells projecting to PFC and LEC, respectively, were found within NA-projecting region; see Table S2 ) or exhibited an abutting reciprocal profile (RSC, VHN, MEC; Figures 3D-3F ; 96.8%, 90.9%, and 74.3% of cells projecting to RSC, VHN, and MEC, respectively, were found beyond NA-projecting region; see Table S2 ). The only projection neurons that did not adhere to this proximal-distal organization scheme were ITN-projecting cells, which comprised a sparse group of cells appearing to span the proximal-distal border ( Figure 3C ; 41.9% of ITN-projecting cells were found beyond NA-projecting region [see also Table S2 , Kim and Spruston, 2012] ). Thus, we concluded that for the vast majority of subPC projection classes, the proximaldistal boundary globally separated proximal and distal subiculum efferents. Notably, as with gene expression (Figure S3 ), the proximal-distal border was also seen to extend across the long axis of the subiculum for specific projections (e.g., NA versus VHN, Figure S4A) . This agreement across multiple modalities suggests that the subiculum is divisible into proximal and distal domains across the extent of the long axis.
Long-Range Inputs and Local Connectivity Change across Proximal-Distal Divide Given that subiculum outputs were organized in a proximal-distal divide, we next sought to identify whether inputs to the subiculum exhibited similar spatial divisions. As intra-hippocampal projections to the subiculum are known to come from CA1 in a graded topographic fashion (Amaral et al., 1991) , we focused on extrahippocampal areas that projected to the subiculum. It has been well described that axons from LEC and MEC respectively innervate proximal and distal subiculum (Steward, 1976) ; however, it is uncertain whether these projections correspond to the subclass division identified here. Using anterograde transsynaptic AAV1-hSyn-Cre-WPRE-hGH (Zingg et al., 2017) injected in Ai14 (tdTomato) Cre-reporter mice (Madisen et al., 2010), we labeled subiculum cells receiving monosynaptic input from either LEC or MEC. Strikingly, we found that the two subiculum subregions received the vast majority of their input from distinct areas of the entorhinal cortex (Figures 3G and 3H ; LEC: $91%, n = 296/327 of labeled cells were found in proximal subiculum, along with 3.9-fold greater overall fluorescence; MEC: $99%, n = 81/82 of labeled cells were found in distal subiculum, along with 2.4-fold greater overall fluorescence). Similar changes in fluorescent intensities were observed by using conventional (i.e., not transsynaptic) axon labeling ( Figures S4B and S4C) .
In addition to the entorhinal cortex, both the nucleus reuniens and the basal amygdala send strong projections to the hippocampus. As the nucleus reuniens projection lacks proximal-distal organization (Wouterlood et al., 1990) , we focused on amygdalar input to the subiculum. Using AAV1-hSyn-Cre-WPRE-hGH injections in Ai14 Cre-reporter mice to label subiculum cells receiving amygdalar input, we found that the vast majority of cells were present in the proximal subiculum ($91%, n = 104/114 of labeled cells were found in proximal subiculum, along with 3.6-fold greater overall fluorescence in proximal subiculum; Figure 3I , see also Figure S4D ).
Given that both long-range outputs and inputs varied across the subicular proximal-distal divide, we next investigated whether interneuron subtypes varied across this boundary. Examining canonical interneuron populations that contact pyramidal cells (Bloss et al., 2016) , we found that NPY interneurons appeared to exhibit proximal-distal heterogeneity in ISH ( Figure S4E ; no marked difference was found for SST, PV, or VIP subclasses, data not shown; nor interneurons in general, see Figure S4G ). Using AAV2/1-CAG-FLEX-REV-3xGFP to label NPY interneurons in Npy-IRES-cre mice (see STAR Methods), we confirmed that NPY-positive cell bodies were predominantly located in proximal subiculum ( Figure 3J ; 3.2-fold greater cell bodies labeled in proximal subiculum). Strong proximal enrichment was also seen in labeled neuronal processes (2.8-fold greater overall fluorescence in proximal subiculum), as well as cell body labeling detected through immunohistochemistry ( Figure S4F ). Thus, both extra-hippocampal inputs and local hippocampal circuitry (i.e., NPY interneurons) may differentially shape processing in the proximal and distal regions of the subiculum ( Figure 3K ).
Individual Subiculum Pyramidal Cells Target Multiple Downstream Areas
From our previous two-color retrograde tracing results, we generally found that proximal and distal subiculum cells predominantly targeted different suites of downstream areas (1.9% double labeling, n = 3 pairwise across-region comparisons; see Table S3 ). However, for projections emanating from the same geographic region, we found a much higher preponderance of apparent collateralization (18.8% double labeling, n = 3 pairwise within-region comparisons; see Table S3 ). This latter finding was surprising, as it has been suggested that the subiculum is comprised of mostly parallel projections to single downstream targets (Naber and Witter, 1998) .
To investigate this discrepancy in greater detail, we sought to directly identify all downstream projection targets of individual dorsal subiculum neurons. To do this, we created and analyzed complete morphological reconstructions of individual cells collected from whole-brain two-photon tomography (Economo et al., 2016 ) (data and visualization tools to be included as part of the MouseLight Neuron Database; http:// ml-neuronbrowser.janelia.org/). We analyzed the brain-wide axonal arborizations of 11 subiculum neurons exhibiting extrahippocampal projections (consisting of both proximal and distal subclasses, see STAR Methods; Figure 4 , Video S1). Remarkably, we found that most neurons had axons in multiple distinct extrahippocampal targets (length of axons displayed in Figure 4C ; similar results were found for branch points and end points, Figure S4H ). Afferent targeting effectively recapitulated the largely non-shared projections associated with proximal, distal, and thalamic-projecting cells ( Figure 4C ; cf. Figures  3A-3F ) and additionally revealed collateralization to targets not examined in our retrograde analysis. Together, these data recapitulated and extended the results of our retrograde tracing experiments, providing direct evidence that individual subiculum neurons tend to innervate multiple downstream targets (see Figures S4J and S4K for summary of downstream targets of proximal and distal subiculum neurons).
Firing Phenotype Changes Sharply across the Proximal-Distal Axis
Previous studies have illustrated that subPCs can exhibit either regular spiking or burst firing upon rheobase current injection (Graves et al., 2012; Jarsky et al., 2008; Kim and Spruston, 2012) . Although these two firing classes are generally biased to proximal and distal subiculum, respectively (Jarsky et al., 2008) , it has been shown that cells from these two classes can be spatially intermingled (Bö hm et al., 2015) . This spatial organization is consistent with the proximal-distal heterogeneity observed in this study; for example, projections to NA and VHN are biased to proximal and distal subiculum, overlapping only in a narrow transition region ($200 mm, Figures 5A , 5B, and S4I). Thus, we hypothesized that proximal and distal regions of the subiculum would exhibit uniform firing phenotypes, whereas the intermingled transition region would contain a mix of the two firing types ( Figure 5C ).
To examine how firing phenotype changed across the proximal-distal divide, we took advantage of the fact that the NA-projecting cells exhibited a distinct boundary in the transverse axis. We injected NA with retrograde beads and performed whole-cell patch-clamp slice recordings from subPCs (n = 32 cells from 16 animals; Figure 5D ). Patched cells were filled with biocytin for post hoc determination of the distance between recorded cells and the NA projection border ( Figure 5E ; see STAR Methods), allowing registration of firing phenotype to a spatial landmark corresponding to transcriptional and anatomical heterogeneity. Consistent with previous work (Graves et al., 2012; Jarsky et al., 2008) , a given cell exhibited either regular spiking or burst firing upon suprathreshold current injection (n = 12 regular spiking cells and n = 20 bursting cells, Figure 5F ). Critically, the spatial dependence of firing phenotype exactly recapitulated the predicted pattern from projection classes; proximal and distal regions were comprised entirely of regular spiking and bursting cells, whereas the narrow transition region revealed a mixture of cells expressing one of the two firing patterns with a clear proximal-distal bias (p < 1eÀ4 for proximal-distal ordering of firing phenotype, Mann-Whitney U test). This work illustrates that a precise spatial organization scheme, defined by gene expression and projection targets, corresponds to subiculum firing heterogeneity observed in previous work (e.g., Harris and Stewart, 2001; Jarsky et al., 2008; Kim and Spruston, 2012; Staff et al., 2000) .
Different Functional Contributions of Proximal and Distal Subclasses
To assess the functional contributions of the proximal and distal classes of subPCs, we identified two transgenic mouse lines that provide selective access to these populations (Klk8-cre [Gerfen et al., 2013] and Nts-cre [Leinninger et al., 2011] ; Figures  S5A-S5F ). Cre-dependent AAV2-hSyn-DIO-hM4D(Gi)-mCherry (B) . Sub Pre/Para/Post : pre/para/postsubiculum; NDB: nucleus of the diagonal band; PAG: periaqueductal gray; Ecto: ectorhinal cortex; Thal: thalamus; Hypo: hypothalamus. See also Figure S4 . (Armbruster et al., 2007) virus injections into the dorsal subiculum of these lines differentially and robustly labeled proximal and distal subPCs, respectively, to similar extents ( Figures S5E-S5G ). The effectiveness of the inhibitory hM4D, which has been well-validated to induce neuron silencing upon activation by CNO (e.g., Ló pez et al., 2016), was functionally verified in our hands through extracellular recordings in vivo (Figure S5H) .
We next explored the behavioral phenotypes associated with these two subiculum populations (see STAR Methods). Bilateral silencing either population did not affect general locomotion (Figure S6A ). Anxiety-like behavior, typically associated with the ventral hippocampus, was also unaffected by silencing either population ( Figure S6B ). In addition, no effect of silencing was seen in novel object recognition (Figure S6C) or olfaction ( Figures S6D and S6E) .
Through lesion studies, the subiculum has previously been shown to be critical for spatial working memory, as assayed through the Morris Water Maze (MWM) (Morris et al., 1990) . As these lesion studies lacked both the temporally acute silencing and subPC subclass specificity, we next investigated whether these two regions differentially participated in spatial working memory as assayed with a match-to-sample MWM task (n = 13 and 15 mice, with hM4D targeted to proximal and distal regions, respectively) (Vorhees and Williams, 2006) . In this task, the hidden escape platform was moved to a new location at the start of each day, and animals had four trials to learn the location of the platform relative to extra-maze cues ( Figures 6A, S7A , and S7B; see STAR Methods).
After this training, animals received two days of testing, wherein the hidden platform was removed after four match-tosample trials, as well as an additional ''free swim'' probe trial with the platform removed. In a blinded and randomized fashion, one test day was preceded by an intraperitoneal vehicle injection, whereas the other test day was preceded by a CNO injection to silence a given subiculum population. Goal quadrant preference in the free swim trial was above chance levels with vehicle administration (proximal vehicle: p < 1eÀ3 ; distal vehicle: p < 1eÀ3, Mann-Whitney U test), as well as when proximal subiculum was silenced (p < 1eÀ2, Mann-Whitney U test;
Figures 6B and 6C). However, silencing distal subiculum caused the animal to search the goal quadrant at no better than chance levels (p > 0.05, Mann-Whitney U test for goal quadrant search time; p < 0.05, distal vehicle versus distal silenced, Mann-Whitney U test; Figures 6B and 6C ). This deficit was consistent with a random swimming phenotype, as similar time was spent in all quadrants relative to both goal and room (Figures S7C and S7D) . No relationship was found to the previous day's , and all cells (black) as a function of distance from NA projection border. Gold and blue horizontal boxes indicate median ± quartile distributions for the two respective phenotypes, with extrema outside of these ranges illustrated as data points. Dashed magenta and green vertical lines illustrated the gross boundaries of bead labeling from VHN and NA injections, respectively. Note that distance from NA boundary (x axis; dashed green line = 0) was determined empirically for each cell, whereas the putative distance from VHN boundary (dashed magenta line, À200 mm from NA projection border) was inferred from dual-labeling studies in other animals (A-C). n = 12 regular spiking cells, n = 20 bursting cells in total. See also Figure S4. goal location, effectively ruling out a ''perseverance'' phenotype induced by distal silencing ( Figure S7E ).
We next ran additional control experiments to validate that this deficit was selectively dependent on distal subiculum. This phenotype could not be attributable to gross sensory, motor, or motivational effects, as no deficits were found in a reference memory version of the task (Figures S7F and S7G) (note: reference memory version is hippocampus independent following Task   ( A) The spatial working memory task. Animals were trained over 9 sessions (i.e., 9 days) in the Morris Water Maze, with a hidden platform (small circle) moved to a new location at the start of each session. In a given session, each animal underwent four trials at different start locations, with inter-trial intervals of $3 mins. After training, animals received two testing sessions; here, after four trials, an additional probe trial was performed with the platform removed (dashed line). The two test sessions assayed performance with vehicle and CNO injections, counterbalanced within animals. Scale bar: 30 cm. (B) Representative trajectories for two animals, with DREADD expression targeted to different subiculum cell types, across drug conditions. Trajectories have been rotated to all display goal quadrant as south. (C) Percent of time spent in goal quadrant as a function of targeted cell type (proximal versus distal) and drug condition (vehicle versus CNO; i.e., control versus silenced). Dots indicate individual animals, with lines connecting the same animal across conditions. Error bars indicate mean ± SEM. Within-bar statistical tests illustrate significance relative to chance (25%), whereas across-bar tests illustrate across-condition comparisons. n = 13 animals in proximal population and n = 15 animals in distal population. (D) Schematic of different platform locations on two subsequent training sessions. Hidden platform locations from each session are respectively illustrated in red and cyan. (E) Example trajectory of an animal on the first trial of session N+1. Dashed red circle indicates location of hidden platform from previous session, cyan circle indicates hidden platform on current session. (F) Illustration of how first trial deficits can be used to disambiguate encoding deficits from retrieval deficits. (G) Encoding deficits, but not retrieval deficits, were observed when silencing distal subiculum. Statistical conventions as in (C) . n = 15 animals in CNO session, n = 9 animals in post-CNO session (see STAR Methods). See also Figures S5 and S7. memory consolidation; Nadel and Hardt, 2011) . This phenotype also was not evoked by CNO, per se (Gomez et al., 2017) , as wild-type mice did not show CNO-dependent deficits ( Figure S7H , S7J, and S7K; consistent with invariance to CNO in proximal silencing and reference memory silencing). The lack of phenotype in proximal cells could not be explained by incomplete genetic access in the proximal Klk8-cre line, as a strategy to broadly silence all proximal subiculum neurons (via proximal Cre-off hM4D in distal Nts-cre line; see STAR Methods) left working memory intact ( Figures S7I-S7K) . These experiments indicate that this spatial working memory task selectively required distal subiculum.
Silencing Distal Subiculum Inhibits the Encoding, but Not the Retrieval, of Working Memory We next sought to examine the mechanistic underpinnings of how silencing distal subiculum disrupted spatial working memory. A property of the match-to-sample variant of the MWM task is that animals, on the first trial of a new session, tend to preferentially explore the location learned in the previous session ( Figures 6D and 6E ). As our intersession interval (one day) is longer than the duration of CNO effects (several hours; [Roth, 2016] ), this slower memory timescale allowed us to dissect the mechanistic contributions (retrieval versus encoding) of distal subiculum on working memory.
To examine whether distal subiculum was critical for the retrieval of previous spatial working memory, we assessed whether distal silencing on the day of CNO administration impaired the first-trial preferential search of the previous day's goal quadrant ( Figure 6F ). We found that silencing distal subiculum had no effect on this search (p < 0.01, Mann-Whitney U test, Figure 6G , left). Next, we considered whether silencing distal subiculum would prevent encoding of the new platform location. This contribution can be determined by examining the first-trial search on the day after CNO administration ( Figure 6F ). In this analysis, we found that the selective silencing of distal subiculum eliminated this preferential search of the goal quadrant from the previous day (p > 0.05, Mann-Whitney U test for previous goal quadrant search time; p < 0.05, CNO session versus post-CNO session with distal silencing, Mann-Whitney U test, Figure 6G; no effect was seen in proximal silencing or WT animals, Figures S7L and S7M ). These findings demonstrate that distal subiculum is necessary for the encoding of new spatial working memories, while not required for the retrieval of previously formed memories.
DISCUSSION
Although the hippocampus has been historically viewed as a relatively simple serial processor, recent evidence has suggested that the hippocampal input-output relationship may be considerably more complex than previously thought (Deguchi et al., 2011; Jackson et al., 2014) . One model that expands upon this serial processor view suggests that two distinct streams of information, segregated by proximal and distal subPCs, could flow through the hippocampal circuit (Knierim et al., 2006 (Knierim et al., , 2014 . These two streams have been proposed to partition the subiculum into a proximal component associated with local cues and a distal component associated with global cues. Our work presented here provides, to our knowledge, the first subclass-specific structural and functional evidence for this model. From a structural standpoint, we found that the subiculum is discretely divisible into proximal and distal regions with dissociable molecular (Figures 1 and 2 ), cellular (Figure 5) , and circuit (Figure 3) properties. From a functional perspective, the spatial working memory task used here (Figure 6 ) was entirely reliant on global extra-maze cues for memory-guided escape, as there are no local cues that signal the escape platform location. The finding that this task required distal subiculum, but not proximal subiculum, aligns well with the differential architectural and informational representations proposed in the parallel processing framework (Knierim et al., 2014) . This work provides a multiscale demonstration that heterogeneity within a canonical hippocampal region can be the biological substrate for driving different computations during memory-guided behavior (Figure 7) .
In addition to the broad differences between proximal and distal regions, our work also provides insight into how individual subiculum neurons route information to downstream structures. Conventionally, it has been thought that subiculum neurons typically target a single downstream target (Naber and Witter, 1998) ; however, this conclusion relied on extrapolation from two-color retrograde tracing. Here, using state-of-the-art Examples of differential intrinsic, circuit, and behavioral contributions from proximal and distal subiculum cell types, as resolved in this study.
imaging and tracing of single axonal arborizations, we directly demonstrate that individual subiculum neurons typically project to multiple downstream targets (Figure 4) . Thus, even at the granularity of individual cells, the subiculum is architecturally organized to deliver information to a suite of extrahippocampal areas.
Our work illustrates the selectivity that the nervous system can employ to mediate memory, exploiting dissociations in neuronal architecture (e.g., proximal versus distal subPCs) and memory components (e.g., encoding versus retrieval). Here, we found that spatial working memory required pyramidal neurons in the distal subiculum, but not a structurally and functionally distinct group of pyramidal cells in the proximal subiculum. Silencing neurons in the distal subiculum did not simply evoke a generalized performance deficit, however, as expression of previously acquired spatial memory remained intact. Thus, in the context of these experiments, distal subiculum was required for the encoding of new spatial memory, but not for the retrieval of previously formed memory.
Do the proximal and distal subiculum function as parallel hippocampal outputs with distinct contributions to memory-guided behavior? Our work here resolved a single dissociation in the behavioral correlates of these regions. Given the largely nonoverlapping group of downstream targets of these regions (Figures 3 and 4) , which may be further augmented by local network heterogeneity (e.g., subregion-specific interneuron contributions; Figure 3J ), our work strongly suggests that proximal and distal subiculum play distinct roles during behavior. The celltype-specific heterogeneity resolved by this study, spanning both local and long-range cellular networks, will help to guide additional observational and interventional experiments examining potential double functional dissociations (e.g., proximal subiculum conveying local information, as postulated by Knierim et al., 2006 Knierim et al., , 2014 .
Our results presented here, as well as previous findings (Morris et al., 1990) , have shown that the subiculum is involved in encoding spatial working memory in the MWM. Other work using fear conditioning has shown that the subiculum is not required for encoding contextual fear memories but is necessary for retrieval of previously formed fear memories (Roy et al., 2017) . One unifying model that can account for these results is that the distal subiculum is necessary for updating behavioral decisions based on known spatial cues. Within the MWM assay, the distal subiculum would be necessary for updating the relationship between familiar extramaze cues and associated escape strategy (e.g., via distal subPC projections to the RSC; Alexander and Nitz, 2015) . Silencing distal subiculum in this paradigm would result in encoding deficits, whereas retrieval would not require updating and would thus remain intact. In contextual fear conditioning (Roy et al., 2017) , during encoding the environment is novel and no behavioral update is possible; thus, an encoding deficit would not be expected with subiculum silencing. During retrieval, however, inactivation of the subiculum would interfere with the animal's selection of freezing in respond to the conditioned environment. Naturally, due to the many differences between these paradigms-goaldirected search versus behavioral freezing, extended training versus single-trial learning, neutral versus negative emotional valence-many other alternative hypotheses can also be formed. Future work will allow such hypotheses to be disambiguated and will ultimately lead to a detailed model of how the subiculum contributes to memory encoding and retrieval across a variety of behaviors. The findings presented here will provide a critical foundation for further unraveling how distinct cell subclasses and pathways contribute to specific aspects of memory in the mammalian brain.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Animals
For experiments using WT animals, C57BL/6 animals were obtained from Charles River Laboratories. For experiments using Ntscre animals (RRID: IMSR_JAX:017525) (Leinninger et al., 2011), Vgat-cre animals (Slc32a1-cre (RRID:IMSR_JAX:016962) (Vong et al., 2011) , and Ai14 animals (RRID:IMSR_JAX:007914) (Madisen et al., 2010) , transgenic animals were obtained from The Jackson Laboratory. For experiments using Klk-cre animals (RRID:MMRRC_036681-UCD) (Gerfen et al., 2013) , transgenic animals were obtained from the Mutant Mouse Regional Resource Center. For experiments using Npy-IRES-cre animals (Milstein et al., 2015) , animals were generated at Janelia Research Campus. All transgenic animals were bred on a C57BL/6 background and maintained as hemizygotes, with the exception of Ai14 which was bred to homozygosity. Mice were healthy, had access to ad libitum food and water, and were housed in an enriched environment. Animals used for behavioral experiments were single housed, all other animals were group housed with sex-matched littermates when possible. No animals used in this study were used in previous procedures. Mature animals (> 8 weeks of age) were used for RNA-seq, circuit mapping, and behavior, and 3-4 week old animals were used for ex vivo electrophysiology. Mice of either sex were used for all experiments, with the exception of RNA-seq and behavior. Experimental procedures were approved by the Institutional Animal Care and Use Committee at the Janelia Research Campus.
METHOD DETAILS
popRNA-seq data acquisition and analysis For RNA-seq of subPC projection populations, 100-400 nL of retrograde beads (Lumafluor, Naples, FL) were injected into mature . Three to seven days after bead injections, manual sorting to purify for fluorescent neurons from microdissected slices was performed (Hempel et al., 2007) : brain sections were cut, the subiculum was microdissected and treated via protease digestion, cells were dissociated and plated, and manually purified to yield pure populations. In a separate set of experiments, beads were injected across the complete extent of two structures (NA and RSC), and quantification of bead-labeled tissue was performed to ensure that overlap was minimal ( = 12 replicates from 6 animals, mean ± SEM) were recovered in the final purified pool. Library preparation and sequencing, as well as subsequent analysis were identical to previously described approaches (Cembrowski et al., 2016a; Cembrowski et al., 2016b) : reads for each library (39.5 ± 1.3 million per replicate, n = 12 replicates from 6 animals, mean ± SEM) were mapped using TopHat (Trapnell et al., 2009) , with 73.6 ± 0.7% (29.1 ± 1.1 million per replicate, n = 12 replicates from 6 animals, mean ± SEM) of all reads aligned at least once to either the annotated transcriptome or genome. Aligned reads were then used for quantification and differential expression using Cuffdiff and analyzed in the R environment using a combination of cummeRbund v3.0 (Goff et al., 2013) and custom scripts (https://doi.org/10.6084/m9.figshare.5071855). For the results shown here, error bars for gene expression represent the 95% confidence interval (CI) reported by Cuffdiff, a criterion of false discovery rate (FDR) < 0.05 was used for differential expression, and gene expression was required to obey fragments per kilobase of exon per million reads (FPKM) > 10 in at least one population to be included as differentially expressed or enriched. Marker genes for either proximal or distal regions were defined as genes that obeyed average FPKM > 10 in each enriched population and exhibited a 5-fold difference in FPKM values in all pairwise comparisons to opposite regions. Fold changes and associated marker genes were robust to units of FPKM versus TPM.
scRNA-seq data acquisition Cell suspensions of mouse neuronal tissue were prepared as described above for population-level RNA-seq. For isolating single mouse neurons, cells were aspirated in capillary needles in approximately 0.1-0.5 mL ACSF cocktail and placed into 8-well strips containing 3 mL of nuclease-free PBS-BSA (0.1% BSA). Each strip of cells was flash frozen on dry ice, then stored at À80 C until cDNA synthesis.
Each well contained approximately 3.5 ml sample volume (3 mL PBS-BSA plus ACSF cocktail containing a single cell in % 0.5 mL or control wells in 3.5 mL PBS-BSA). One mL of harsh lysis buffer (50 mM Tris pH 8.0, 5 mM EDTA pH 8.0, 10 mM DTT, 1% Tween-20, 1% Triton X-100, 0.1 g/L proteinase K, 2.5 mM dNTPs, and ERCC Mix 1 diluted to 1e-7) and 1 mL 10 mM barcoded RT primer were added to each well. Strips were incubated at 50 C for 5 min to lyse cells and digest BSA, and proteinase K was heat inactivated by subsequently incubating at 80 C for 20 min. To minimize contamination across wells, the strip caps were cut off the tubes using scissors cleaned with RNaseZap (Thermo Fisher Scientific, Waltham, MA) and heavy-duty plate seals were used to seal the strips. A qPCR compression pad (Thermo Fisher Scientific) was used to facilitate sealing of the strip tubes.
Reverse transcription master mix (2 mL 5X buffer (Thermo Fisher Scientific), 2 mL 5M Betaine (Sigma-Aldrich, St. Louis, MO), 0.2 mL 50 mM E5V6NEXT template switch oligo (Integrated DNA Technologies, Coralville, IA), 0.1 mL 200 U/mL Maxima H-RT (Thermo Fisher Scientific), 0.1 mL 40 U/mL RNAsin (Lucigen, Middleton, WI), and 0.6 mL nuclease-free water (Thermo Fisher Scientific) was added to the approximately 5.5 mL lysis reaction and incubated at 42 C for 1.5 hr, followed by 10 min at 75 C to inactivate reverse transcriptase. PCR was performed by adding 10 mL 2X HiFi PCR mix (Kapa Biosystems) and 0.5 ml 60 mM SINGV6 primer with the following conditions: 98 C for 3 min, 20 cycles of 98 C for 20 s, 64 C for 15 s, 72 C for 4 min, with a final extension step off 5 min at 72 C. Plates were pooled across the columns into an 8-well strip to yield approximately 250 mL pooled PCR reaction. From this, 100 mL of each well in the 8-well strip was purified with 60 mL Ampure XP beads (0.6x ratio; Beckman Coulter, Brea, CA), washed twice with 75% ethanol, and eluted in 20 mL nuclease-free water. Equal volume of each of the eight samples was pooled to create the platelevel cDNA pool for tagmentation, and the concentration was determined using Qubit High-Sensitivity DNA kit (Thermo Fisher Scientific).
Six hundred pg cDNA from each plate of cells was used in a modified Nextera XT (Illumina, San Diego, CA) library preparation (Soumillon et al., 2014) , but using the P5NEXTPT5 primer and extending the tagmentation time to 15 min. The resulting libraries were purified according to the Nextera XT protocol (0.6x ratio) and quantified by qPCR using Kapa Library Quantification (Kapa Biosystems). Four plates were pooled together on a HiSeq 2500 Rapid flow cell reading 25 bases in read 1, 8 bases in the i7 index read, and 125 bases in read 2. Read one contains the spacer, barcode, and UMI and read 2 represents a cDNA fragment from the 3 0 end of the transcript.
scRNA-seq analysis Alignment and count-based quantification of single-cell data was performed by removing adapters, tagging transcript reads to barcodes and UMIs, and aligning the resulting data to the mouse genome. After quantification, cells were eliminated if they exhibited < 10,000 total counts, with all cells passing this threshold normalized for depth by converting to counts per million (CPM) values. Two putative interneurons (identified by high expression of Gad1 and Slc6a1) and one putative non-neuronal cell (identified by lack of Snap25 expression) were additionally excluded from analysis.
All remaining cells were used in analysis (n = 327 cells from 1 animal; average count prior to normalization was 0.12M ± 0.04M (mean ± SD), with at least one count for 5.3 ± 0.7 thousand genes (mean ± SD)). Analysis of CPM data was performed by a combination of Seurat (v1.4) (Satija et al., 2015) and custom-written routines in R (v3.4.2), with all code available online (https://doi.org/10. 6084/m9.figshare.5071855). For principal component analysis, 3168 highly variable genes were used for analysis (obtained by MeanVarPlot() in Seurat, with fxn.x = expMean, fxn.y = logVarDivMean, x.low.cutoff = 0.1, x.high.cutoff = 3, y.cutoff = 0.5) . The first five principal components were used for graph-based clustering (FindClusters() in Seurat, with resolution = 0.5), t-SNE visualization (RunTsne() in Seurat, with perplexity = 30), and density-based clustering (DBClustDimension() in Seurat, with G.use = 3). For hierarchical clustering (custom script), Euclidean distances were computed on the log-transformed highly variable gene matrix, and clustering was performed by Ward's method. For random forest classification (ClassifyCells in Seurat), random subsets of graph-based clustered cells were taken (n = 10, 20, 40, 80, or 160 cells; n = 100 random subsets for each number of cells), and used to predict the cluster identities of the remaining cells in the dataset.
Analysis of ABA ISH
When validating the results of RNA-seq with the ABA, we examined coronal ABA images at A-P locations spanning dorsal subiculum (Figure S3) . To evaluate marker genes as being enriched at one of the two poles, ISH expression profiles at proximal and distal were compared by eye, and only cases where obvious differences could be observed were counted as successes (86% of marker genes).
In situ hybridization
To prepare tissue for in situ hybridization (ISH), mice of either sex were deeply anesthetized with isoflurane and perfused with phosphate buffered saline (PBS) followed by 4% paraformaldehyde (PFA) in PBS. Brains were dissected and post-fixed in 4% PFA for 2-4 hr. Brain sections (20 mm) were made using a cryostat tissue slicer (Leica 3050S, Leica Microsystems, Wetzlar, Germany) and mounted on glass slides. Slides were subsequently stored at À80 C until use. Custom probes for Nts (420441), Fn1 (310311), 6330403A02Rik (432621-C2) Nnat (432631-C2) and Ly6g6e (506391-C2), as well as all other reagents for in situ hybridization, were ordered from Advanced Cell Diagnostics (ACD, Hayward, CA), as well as tdTomato (317041-C3) and Ptk2b (i.e., Pyk2) (312801) catalog probes. As described below, retrieval, pretreatment, hybridization, amplification, and detection were performed according to User Manual for Fixed Frozen Tissue (ACD). H 2 O 2 was added to each section for 10 min, the slides submerged into 1X Target retrieval solution for 5 min, and the slides were washed for in distilled water followed by 100% EtOH. Protease Plus was added to each section, and incubated for 30 min at 40 C followed by washing in distilled water. For detection, probes were added to each section, and incubated for 2 hr at 40 C. Slides were subsequently submerged in a staining dish and washed for 2 min. AMP 1-FL was added to each section and incubated for 30 min at 40 C, and washed in Wash Buffer for 2 min. Sections were incubated in DAPI for 30 s, and slides were coverslipped with fluorescent mounting medium.
Immunohistochemistry
Mice of either sex were deeply anesthetized with isoflurane and perfused with 0.1M phosphate buffer (PB) followed by 4% paraformaldehyde (PFA) in PB. Brains were dissected and post-fixed in 4% PFA overnight. Brain sections (100 mm) were made using a vibrating tissue slicer (Leica VT 1200S, Leica Microsystems, Wetzlar, Germany). Antibodies used in this study were as follows: rabbit antibody to PV (1:2000, ab11427, Abcam; RRID: AB_298032), rat antibody to SST (1:250, MAB354, Millipore; RRID: AB_2255365), rabbit antibody to NPY (1:2000, ab30914, Abcam; RRID: AB_1566510).
Immunohistochemistry was performed on free-floating sections. All tissue was washed 5 times (5 min each) in PBS and then incubated in blocking buffer (5% NGS, 2% BSA in 0.3% Triton-PBS) for 1 hr at room temperature. Tissue was subsequently incubated in primary antibody at 4 C overnight, washed 5 times (5 min each) in 0.3% Triton-PBS, and detected by Alexa Fluor secondary antibodies (Thermo Scientific, Waltham, MA) by incubating at room temperature for 1-2 hr. Sections were subsequently washed in PBS five times (5 min each), mounted, and coverslipped with mounting media containing DAPI (H-1200, Vector Laboratories, Burlingame, CA). For cell counting in pairwise rAAV2-retro experiments, we exploited the tendency of NA-projecting cells to exhibit a sharp change in labeling across the proximal-distal boundary. Cells associated with projections in the paired injection site were manually counted on either side of this boundary (n = 2 animals per pairwise injection, n R 2 optical sections per animal). The same approach was used in NPY and interneuron (Slc32a1-cre (RRID:IMSR_JAX:016962) (Vong et al., 2011) x Ai14) cell counting, using the boundary defined by VHN-projecting cells. For counting cells receiving monosynaptic input from LEC, MEC, and BA, the same approach was used (n = 2 animals per pairwise injection, n R 2 optical sections per animal). For measuring fluorescence changes in proximal and distal subiculum, area-normalized fluorescence was integrated across each subregion (n = 2 animals per pairwise injection with n R 2 optical sections per animal).
Projection mapping and quantification
Axonal reconstructions of individual subPCs
For single-neuron reconstruction studies we prepared sparsely labeled brain samples following methods described in (Economo et al., 2016) ; namely: adult (> 10 week old) C57BL6 mice were injecting with a mixture of viruses comprised of 1 part 1:18,000 diluted AAV 2/1 Syn-Cre mixed with 9 parts of high-titer (> 10 12 GC/ml) AAV 2/1 CAG-REV-tdTomato or AAV 2/1 CAG-REV-3x-GFP virus. To target the dorsal subiculum we used the coordinates A/P À3.7; M/L +2.5; D/V À1.75, À1.6 and A/P À3.2; M/L +1.8; D/V À1.5 and injection volumes were 20nl per location. After allowing 6-8 weeks for fluorescent protein expression animals were fixed by transcardial perfusion with 4% paraformaldehyde. Extracted brains were cleared, imaged, and datasets assembled for analysis, and reconstructions were performed using the Janelia Workstation software (Murphy et al., 2014) . Each neuron was traced by two independent tracers and a consensus tracing was generated. Imaged brains were registered to the Allen Reference Brain using the open-source software 3D Slicer (https://www.slicer.org/) and the results of the registration were used to morph traced neurons onto a common reference space. Transformed neurons from different brain samples were pooled together for analysis. Although the location of cell bodies spanned the proximal-distal axis, we did not attempt to unequivocally assign individual cells to proximal or distal classes, as lack of a local reference landmark in conjunction with clearing-induced tissue warping precluded accurate assignment.
Slice preparation for electrophysiology 3-4 week-old male C57BL/6J mice were injected with red retrograde beads at least two days before slice experiments. Under deep isofluorane anesthesia, animals were decapitated and the brain was transferred to an ice-cold dissection solution containing (in mM): 215 Sucrose, 2.5 KCl, 1.25 NaH 2 PO 4 , 2.8 NaHCO 3 , 7 Dextrose, 3 Na-Pyruvate, 1 Na-Ascorbate, 0.5 CaCl 2 , 7 MgCl 2 (pH 7.4, oxygenated with 95% CO 2 and 5% O 2 ). 300 mm thick, near-horizontal slices were sectioned using a vibrating tissue slicer (Microm HM 650 V Vibration microtome, Thermo Scientific, Waltham, MA). Slices were then transferred to a suspended mesh within a chamber filled with artificial cerebrospinal fluid (ACSF) containing (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 25 Dextrose, 2 CaCl 2 , 1 MgCl 2 , 3 Na-Pyruvate, 1 Na-Ascorbate (pH 7.4, oxygenated with 95% CO 2 and 5% O 2 ). After 30 min of incubation at 35 C, the chamber was maintained at room temperature.
Slice recordings and analysis
For ex vivo slice recordings, pipettes were pulled from thick-wall borosilicate glass and fire polished, resulting in resistances of 3-6 MU when filled with intracellular solution containing (in mM): 115 K-gluconate, 20 KCl, 10 Na 2 -phosphocreatine, 10 HEPES, 4 Mg-ATP, 0.3 Na-GTP and 0.1% biocytin. Bridge balance and capacitance compensation were performed at the beginning of recordings, and recordings with series resistance > 40 MU were discarded. Recordings were made using a Dagan BVC-700 amplifier (Dagan Corporation, Minneapolis, MN) at 35 C. Data were low-pass filtered at 3 or 5 kHz, and digitized at 50 kHz via an ITC18 digital-analog converter (HEKA Instruments, Bellmore, NY) under control of custom macros programmed in Igor Pro (Wavemetrics, Lake Oswego, OR). Cells were repeatedly stimulated with a 2 s square-wave current injection at 120% of rheobase, which gives a robust assessment of the electrophysiological phenotype of the neuron (Graves et al., 2012) . After recording, slices were fixed in 4% PFA and recorded cells were subsequently detected with an Alexa Fluor 488 streptavidin reaction. Analysis was performed in Igor Pro and R with custom scripts. Cell body distance from the proximal-distal boundary was calculated by finding the minimal distance from the center of the recorded cell body to the terminal of the bead-labeled line of NA-projecting subPCs.
In vivo recordings and analysis For in vivo extracellular recordings, male mice were anesthetized with isoflurane, and a small craniotomy performed over the injection site. Single stainless steel recording electrodes (Microprobes, 0.5-1 mU, 2mm tip diameter) were slowly lowered into the subiculum. Signals were recorded using an extracellular amplifier (A-M Systems, Model 1800), filtered online between 0.3-5kHz, and sampled, digitized and stored at 25 kHz using HEKA Software. Differential recordings were made between the subiculum and a reference electrode placed in the cerebellum. After 15-30 min of baseline recording, CNO was given (5mg/kg, i.p.). Data were processed using MATLAB, and multiunit activity (MUA) was defined as all extracellular events either positively or negatively above a user defined amplitude threshold (here: 4 standard deviations of above the signal mean).
Behavior and chemogenetic manipulations
For silencing of subPCs, the DREADD virus AAV2-hSyn-DIO-hM4D(Gi)-mCherry (UNC Gene Therapy Center Vector Core) was injected bilaterally into the subiculum in mature Klk8-cre (RRID:MMRRC_036681-UCD) (Gerfen et al., 2013) and Nts-cre (RRID: IMSR_JAX:017525) (Leinninger et al., 2011) male mice. Injections into Klk8-cre (Nts-cre) were located at A/P, M/L, D/V À3.6, ± 3.0,-1.5, À4.0, ± 3.0,-2.0, and À4.3, ± 3.0,-2.5 (A/P, M/L, D/V À3.6, ± 2.5,-1.5, À4.0, ± 2.5,-2.0), with 100 nL of virus injected at each site. The total number of cells infected ( Figure S5G ) was calculated by counting RFP+ cells in optical sections at 200 mm intervals spanning the extent of labeling, and then by scaling this number by the section interval (200 mm) divided by the approximate cell body diameter (15 mm). For control CNO experiments in WT animals, injections were performed at the same locations and volumes as the distal Nts-cre line. For control CNO experiments in distal Nts-cre animals, hM4D was targeted to proximal subPCs in the Nts-cre line using a Cre-off virus (AAV2-hSyn-FLEX(i.e., ''Cre-off'')-hM4D(Gi)-T2a-eGFP), and injections were performed at the same locations and volumes as the proximal Klk8-cre line.
In experiments involving DREADD receptor activation, Clozapine N-Oxide (CNO) (BML-NS105, Enzo Life Sciences, Farmingdale, NY, and #4936, Tocris, Bristol, UK) was dissolved in sterile, injectable saline containing 0.5% DMSO. This solution was injected intraperitoneally at 3-5 mg/kg at least 15 min before the start of experiments. On vehicle trials, an identical concentration of 0.5% DMSO solution, devoid of CNO, was injected. In all experiments, two probe days were conducted, with one day employing CNO injection and the other day employing vehicle. The day of CNO administration was chosen randomly on an animal-by-animal basis, with the injection performed by an experimenter not conducting the behavioral experiments. The behavioral experimentalist was blind to the drug condition, with the condition revealed only after collection of all behavioral data. Subsequent analysis was performed in an automated fashion by TopScan software (CleverSys, Reston, VA). Beyond the results presented in the text, no replication experiments were attempted.
Open field behavior Animals were placed in an open field ($50 cm x 50 cm, CleverSys, Reston, VA) surrounded by black curtains. Animals were acclimated to open field for at least 3 days, at least 10 min per day, prior to drug administration. Movement was automatically tracked over 10 min. Between animals, the maze was wiped cleaned with a 70% ethanol solution containing 0.001% acetic acid to remove scent traces.
Novel object recognition behavior Animals were acclimated to an open empty field for at least 10 min/day for 3 days prior to the novel object recognition assay. In the habituation component of the novel object assay, two identical objects were introduced to opposite corners of the maze. The animal was then allowed to explore the maze for 3 min, after which point it was removed for a 5-minute period. During this interval, objects were removed, the maze was sprayed with a solution containing 70% ethanol and 0.001% acetic acid. One object identical to the previous habituated objects was then reintroduced to the maze, as was a novel object of similar size to the habituated object. These two objects occupied the same locations as the previous objects. After the 5-minute interval elapsed, the animal was reintroduced to the maze and allowed to explore for 3 min. Performance was quantified occurring to the object selectivity index ðOSIÞ, wherein OSI = ðN À HÞ=ðN + HÞ, with N ðHÞ denoting time spent with the nose of the animal within $2 cm of the novel (habituated) object. The type used in the habituation versus novelty, as well as the corresponding spatial locations, were counterbalanced across animals.
Elevated plus maze behavior Animals were placed on an elevated plus maze ($64 cm length, 6.4 cm width, CleverSys, Reston, VA) contained two closed arms and two open arms, and allowed to explore the maze for 5 min. Arm entries were counted whenever the center of mass of the animal exited the center region of the maze.
Olfactory habituation/dishabituation behavior Animals were transferred to a novel cage with a wire bar lid and acclimated for at least 20 min. After acclimation, olfaction was assayed with an olfactory habituation/dishabituation task as previously described (Yang and Crawley, 2009) . In this assay, sequential odorants were introduced by inserting a scented cotton tip applicator into the cage for 2 min and subsequently removing. The amount of time the animal spent inspecting the applicator was manually scored. The odorants were as follows: 3 presentations of water (for acclimation), 3 presentation of almond scent, 3 presentations of banana scent, 3 presentations of the cage scent of a non-littermate male mouse, 3 presentations of the cage scent of a second non-littermate male mouse.
Buried food test behavior
The buried food test was performed according to a previous protocol (Yang and Crawley, 2009 ). Namely, mice food deprived for $18 hr were acclimated to a novel cage with $2 cm of bedding for 5 min. After removing the animal, a morsel of sweetened cereal (Froot Loop) was buried in the corner of the cage, and the animal was reintroduced. The latency to locating the morsel was then scored manually.
Morris water maze behavior
The water maze (tank: $1.2 m diameter, Maze Engineers, Cambridge, MA) was maintained at 24 C, with water made opaque through addition of non-toxic white tempera paint. Four trials were performed per day, with probe days including an additional free swim trial. On each trial, the animal was given 1 min to reach the platform (8 cm diameter), and was gently guided to the platform if not located in this time. Animals were allowed to occupy the platform for $20 s before being removed, with $4 min inter-trial intervals.
Training progressed as follows. Initially, two days of visible platform trials were conducted, wherein the platform sat above the water and was demarcated with dark tape. For the working memory task, nine days of subsequent hidden platform training were performed; for the reference memory task, five days of hidden platform training were performed. After training, 2 probe days were conducted, wherein the platform was removed after (working memory task) or before (reference memory task) 4 hidden platform trials. Thirteen animals were excluded from analysis due to inability in learning the task. Performance was quantified across the 1-minute free swim probe trials by the proportion of time spent in the goal quadrant. When analyzing swimming during the first trial of a new session, performance was quantified up until the animal encountered the new location of the platform (or until 1 min had elapsed, if the animal failed to find the platform; swim time locating platform was 40.2 ± 2.1 s, mean ± SEM, n = 82 trials; swim times < 5 s were excluded from analysis, n = 3 swim times). Under a conventional working memory protocol, only half of all animals would yield data for post-CNO session analysis (i.e., only the animals that received CNO on the first probe day would be available for post-CNO analysis on the second day). To circumvent this limitation, for most animals we extended this protocol by including a one-minute free swim trial on the day after the second probe day. In total, we acquired post-CNO data for 70% of animals (n = 35/50 animals).
QUANTIFICATION AND STATISTICAL ANALYSIS
All statistical analysis was performed in R, using a combination of custom scripts and publicly available software (Goff et al., 2013; R Development Core Team, 2008; Trapnell et al., 2009; Trapnell et al., 2010) . Unless otherwise stated, center and dispersion of bar plots represent mean ± SEM. No a priori statistical procedures were performed for randomization, stratification, sample size estimation, or exclusion of data. Significance was defined as p < 0.05, with the specific statistical test provided in main text or within associated figure legend, with non-parametric statistical tests for behavioral experiments. Sample sizes (n) can refer to number of cells, number of genes, number of comparisons, or number of animals, with the specific convention provided in the main text or within the associated figure legend. Significance conventions are as follows: NS: p R 0.05; *: p < 0.05; **: p < 0.01; ***: p < 0.001. Sample sizes are provided in main text or within associated figure legend.
DATA AND SOFTWARE AVAILABILITY
Raw and processed RNA-seq datasets were deposited in the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus under GEO: GSE100449. Analysis code is available online (https://doi.org/10.6084/m9.figshare.5071855). 
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